INTRODUCTION
16 , p-nitrophenylcarbamyl 17>18 , chlorambucilyl 19 ' 20 , and N-(t2i 22 butoxycarbonyl)-p-azidophenylalanyl ' groups have been linked to aminoacyl-tRNA through its amino acid. Slightly different analogs were recently 23 described , in which mercuriacetamido or bromoacetamido groups were introduced at the 3'-position of the terminal cytidine of truncated tRNA .
Most of the modified tRNAs have been applied to studies of ribosome:tRNA interactions ' ' " . In this way useful information has been obtained by identification of the labeled ribosomal nucleic acid or of the ribosomal proteins.
Some of the modified tRNAs described above, as well as analogs of the other substrates of the enzymes, have been employed in affinity labeling studies of aminoacyl-tRNA synthetases. Chemical affinity labeling has been attempted with an isoleucine analog and with modified isoleucyl-tRNA ' , methionyl-tRNA 17 and phenylalanyi-tRNA 14 ' 19 . Photoaffinity labeling studies have been conducted with ATP analogs (using phenylalanyland leucyl-tRNA synthetases 26 ),and also with tRNA Phe modified at the 4-thiouridine 4 ' 5 . In addition, photo-induced crosslinking of unmodified tRNA e to isoleucyl-tRNA synthetase has been reported ' , but so far only the contact sites on the tRNA chain have been located with this technique. While affinity labeling has been satisfactorily demonstrated in several of the above studies, in 17 24 only two cases ' have the labeled peptide fragments been isolated and characterized.
Our earlier work on the chemical modification of tRNA provided biologically active tRNA species modified at different positions in the tRNA se-29 quence with fluorescent groups . We decided to search for photolabile groups with similar reactivity and base specificity; this would allow the preparation of several modified tRNA samples suitable for photoaffinity labeling studies. The tRNA of our choice was E. coli tRNA fMet . On the one hand, this molecule has been used successfully in our chemical modification 29 experiments . On the other hand, there is a wealth of information about its cognate aminoacyl-tRNA synthetase. The reaction mechanism of E. coli methionyl-tRNA synthetase is well studied , its amino acid sequence is almost completely determined , and work on the crystal structure of this 32 protein is in progress . Thus, there is the expectation that any results of photoaffinity labeling studies of the substrate binding sites could soon be interpreted with the knowledge of the detailed structure of this enzyme.
In this paper we describe the synthesis, purification and characterization of two samples of tRNA modified with photolabile groups at different points in the molecule and a photolabile analog of methionyl adenylate, an intermediate in the enzyme-catalyzed aminoacylation reaction.
In addition, we present some preliminary results of photoaffinity labeling Nucleic Aeids Research experiments. 
MATERIALS AND METHODS

General
t-butoxycarbonyl-[ H]methioninol.
[ H]methioninol (139 mg, 1.03 mmol) was dried by evaporation from anhydrous pyridine and dissolved in pyridine (1.5 ml) and ethyl acetate (2 ml). To this was added t-butoxycarbonylazide (270 yl, 1.95 mmol). The reaction mixture was stirred for 2 hr at 25° and then reduced to an oil by rotary evaporation at 35°. The oil was dissolved in ethyl acetate (15 ml) and extracted at 0° with cold 0.5 M HC1 (3 ml) and saturated aqueous NaCI. The ethyl acetate layer was dried giving an impure oil which was partially purified by dissolving in petroleum ether, in which the impurities are essentially insoluble. After evaporation of the petroleum ether, the purified oil weighed 104 mg (0.44 mmol, 44% yield). This was identical chromatographically to similarly prepared^Hjmaterial which had a melting range of 49-51° (lit. 43 50°). Purification of the Modified tRNA. The tRNA recovered after reaction (up to 160 Ajgg units) was applied to a BD-cellulose column (0.8 x 10 ml). The column was eluted at room temperature with a total volume of 50 ml for each gradient. The salt gradient was from 0.4 to 1.5 M NaCl in 10 mM magnesium chloride -10 mM sodium acetate (pH 4.5). The ethanol gradient was from Hydrazono adduct of periodate-oxidized adenosine and ABH. This was prepared as follows: to a solution of adenosine (132 pmol) in 25% aqueous ethanol (8 ml) was added a solution of NalO-(1 mmol) in water (2 ml). After 15 minutes at 25° the reaction was cooled to 0° and the periodate preĉ ipitated by addition of 3 M KC1 solution (0.4 ml). After 5 minutes at 5°-the solution was rapidly filtered. Ethanol (5 ml) and ABH (20 mg) was added and the reaction was stirred for 45 minutes at 25° and then reduced to dryness. The residue was dissolved in ethanol, filtered, and the filtrate purified by preparative thin layer chromatography on silica gel in ethyl acetate-ethanol (3:1, v/v) . Upon photolysis, the UV spectrum of the product (Rf = 0.38) collapsed from a composite of those of adenosine and ABH to that of adenosine alone. Two by-products (Rf = 0.48, 0.21) isolated from the chroma tographic separation also showed this behavior upon photolysis and were thus judged to be other ABH-adenosine adducts. Rechromatography of the isolated main product gave these minor products as well, which are presumed to be isomeric hydrazono-adenosines. Electrophoresis of the isolated main product also showed evidence of these by-products; in this case the mixture ran as an unresolved streak toward the anode.
RESULTS
Preparation of tRNA^e
t Modified with Photolabile Groups. In our earlier studies we had shown that alkylating reagents can react specifically with 4-thiouridine and with pseudouridine in E. ooli tRNA™ et . Since 4-thiouridine in tRNA (position 8) undergoes a facile addition reaction to cytidine (position 13) and thus is unavailable for alkylation, we had to 34 determine the amount of free 4-thiouridine in our tRNA preparation . We found that 71% of tRNA molecules still contained 4-thiouridine. Reaction of this tRNA preparation with [ C]ABA gave a preparation containing 0.91 moles of ABA per mole of tRNA. After digestion with T2 RNase of this material to mononucleotides a chromatographic analysis showed that 75% of the radioactivity is [ RNase digest of this tRNA preparation ran toward the anode, in a streak similar in mobility to that of the reference hydrazono-adenosine.
Preparation of Methioninyl-8-Azido-Adenosine 5'-Phosphate.
[ H]Methioninol was readily condensed with 8-azido-AMP to give [ H]met-ol-8-azido-AMP in 12% yield. The product, purified by paper chromatography, was homogeneous in two tic systems when detected by UV-absorbance, and greater than 85% radiopure. It was characterized by its UV spectrum, incorporation of radioactivity, and tic chromatographic similarity to the met-ol-AMP and its ability to act as a competitive inhibitor in the methionyl-tRNA synthetase reaction (see below). since its 3'-terminus was modified. As expected met-ol-8-azido-AMP proved to be a competitive inhibitor of methionine in the aminoacylation reaction, with a K. value of 1.7 x 10 M. Methioninyl-AMP has a K i of 0.9 x 10' 8 M. 46 These studies indicate that the three substrate analogs bind properly to the enzyme.
Photoaffinity Since the yield of crosslinking the tRNA to the enzyme was low it is desirable to separate the unreacted enzyme from the covalently linked complex. Such a separation is possible by DEAE-cellulose chromatography (Figure 5) . The unreacted enzyme is eluted at lower salt concentration (around fraction 10) while the tRNA and the non-dissociable complex (as assayed by enzyme bound radioactivity) is released later (around fraction 20). In a photolysis experiment with 5 mg of enzyme 125 ng of radioactively labeled enzyme could be recovered, an isolated yield of 2.5%. The enzyme eluting in the first peak retained 50% of its original activity; it could be reused with fresh Vc^CjABA-tRNA™ 6 * in photolysis experiments.
When an equimolar mixture of [ H]met-ol-8-azido-AMP and methionyl-tRNA synthetase (at yM concentration) was photolyzed under the conditions described in Materials and Methods 5-15% of the radioactivity became irreversibly bound to the enzyme. Again, the yield of crosslinking was influenced by the nature of the buffer and was dependent on the absence of thiol reagents. due. From our earlier experience they were the only bases in that tRNA expected to react with alkylating reagents. Unfortunately, ABA turned out to be less specific than the fluorescent compound 4-bromomethyl-7-methoxy-2-oxo-2H-benzopyran. Thus, in the reaction with 4-thiouridine also some pseudouridine became alkylated. Fortunately, the differently modified tRNAs could be separated by BD-cellulose chromatography. However, under the more fMet 4 drastic conditions for * modification using tRNAy , in which S had been converted to U, other bases in the tRNA, presumably purines, were reactive.
Apart from reaction at the 3'-terminus hydrazine derivatives like ABH
FMt
can be introduced into other positions of tRNA . Substitutions of dihydrouridine and also of 7-methylguanosine should be possible. Thus, additional analogs of tRNA™ 61 " with photolabile groups can be prepared. Photoaffinity labeling offers several advantages over chemical affinity labeling 1 ' 2 , but it is not without potential pitfalls. One potential difficulty, especially with simple azides such as those used in this study, is the possibility that a nitrene, even when generated at the binding site, might be so long-lived that the reactive molecule could dissociate and eventually react elsewhere on the protein. As shown above the analogs used in this study bind very tightly to the enzyme. This is no guarantee that true photoaffinity labeling will occur, but does increase the likelihood that labeling, by whatever mechanism, will be specific for the binding site.
Our first results suggest that the observed crosslinking is associated with normal enzyme-substrate interactions. Each analog undergoes photocatalyzed reaction with protein at low concentrations when present in amounts equimolar with enzyme subunits. The pH dependence of the extent of crosslinking of S-[ 14 C]ABA-tRNA gives a profile consistent with the pHdependence of tRNA binding to aminoacyl-tRNA synthetases. Most efficient crosslinking occurs at pH 5.5-6.0, which is the pH range in which many aminoacyl-tRNA synthetases 52 , including, at least in one buffer system, the methionyl enzyme , form their strongest complexes with their cognate tRNAs. High ionic strength, which destabilizes enzyme-tRNA complexes , completely inhibits crosslinking. Only further experiments can tell us whether "true affinity labeling" occurred. However these results encourage our hopes that these photolabile analogs may be useful in determining the substrate binding sites of methionyl-tRNA synthetase.
